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INITIAL ILASTIC AND FRICTIONAL 
BEHAVIOR OF METAL INTERFACES 

Leslie J. Vlllianson 
Lieutenant, U*S* Coast Guard 

Submitted to the Department of Naval Architecture 
and Iferine Engineering on May 23, 1955, in partial 
fulfillaent of the requirenents for the degree of 

Master of Science 

The object of this thesis is to investigate the reported 
existence of abnormal elastic effects in metal Interfaces. 

In conjunction with this work, the initial frictional behavior 
at the laetal interfaces was observed. 

The method of investigation selected oiaployed hollow 
cylindrical specimens composed of two mating parts placed 
end on end. The expexlaental apparatus utilized a combi- 
nation of optical and mechanical means of measuring email 
angles of twist in tho specimen. Various metals were tested 
under different conditions of ncrmul load and surface finish. 

Excellent conformity between observed values of t^^ist 
and those predicted by elastic theory was achieved. The ex- 
perimental results did not show any indication of excessive 
elastic angles of twist. 

Investigation of the initial frictional behavior of the 
metal interfaces indicated that the value of the friction co- 
efficient increased with incremental changes in the observed 
slip until the range of normally expected values was attained. 

In this range the curve flattened out and free sliding resulted. 

In view of the results of this investigation, it is be- 
lieved that the reported abnormal elastic conditions were the 
result of inaccuracies in the experimental method, and that 
further investigation along this line is not warranted. 

Thesis Supervisor: Brandon G. Rlghtmire 

Title: Associate Professor 
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I* msPiL».£i:jQ£ 

In ft thftftis^^^^ CojXe and Stronbarg reported the exletenes 
of abnoraal elastic effects in aetal interfaces. As a result 
of their vork, they concluded that the asperitiea in steel 
interfaces contribute aaterially to the elastic twist. The 
elastic twist due to an interfaoa appearsd to decrease with 
increase in nomal stress for a given value of xtaxlisum tangen~ 
tial stress. They also found that the effect of surface finish 
was affected by norml stress » in that a transition range 
existed for norisal stress. This transition range separated 
the regions where elastic twist increased or decreased with 
the degree of surface finish. This appears to be a virgin in- 
vestigation of elastic effects in Eietal interfaces, as a sur- 
vey of the literature failed to disclose any previous work 
along this line. 

(2) 

ToMlinoon, Thorpe, and Cfough,' * in a paper on fretting 
eorrooion, reported that surfaces in contact under normal and 
tangential stresses have a comparatively high degree of tan- 
gential elasticity. "The surfaces appeared to yield under 
tangential stress in an elastic manner by an amount which may 
be m^ny timea greater than the smalleet slip it is hoped to 
detect.** This made their problem of meeeuring slip extremely 
difficult. In the second phase of this investigation, this 
problem was encountered where the displacements measured were 
of the same order of magnitude as the depth of the asperities 
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in the uot&I interfaces. The first objective of this investi- 
gation was the developuent of a tost apparatus and an expcri- 
sental procedure of sufficient sensitivity and accuracy so 
that the exleting discrepancies between calculated theoretical 
and observed values of elastic twist would be eliminated or 
rationalised. Various methods of measuring elastic twist in 
a speciaon were oonsidered» as discussed in Appendix A. 

The second phase of this work was a by-product of the 
original investigation. After extensive examination of the 
elastic effects at iMstal interfaces under various conditions 
of load and surface finish, it was decided that a study of the 
frictional behavior would be both interesting and valuable. 
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II« PROCEDURE 

The teet apparatus used in this work is illustrated in 
Figures I, II, and III. 

The tubular specimens tested vere machined from the 
following materials: (1) AISI C-1018, cold-finished, open- 

hearth, low-carbon steel; (2) AISI A-4140, heat-treated, 
stress-relieved, medium- oar bon alloy steel; (3) hard-drawn, 
electrolytic, tough pitch copper rod; (4) 2S Aluminum. 

The specimens were reamed out to an inside diameter of 
O.I9I"; then turned down to 0.236*' outside diameter. The teat 
apeciaens were cut into two halves, each one Inch long. 

A single tvo-lnoh specimen was made for each material, and 
used as » control specimen. The observed deflections of the 
control specimen wore compared with the computed deflec- 
tions fte predicted by elastic theory, thus providing a 

check cf the accuracy of the test runs. The effect of the 
interface could be determined by a comparison of control- 
specimen rune with teat-specimen results* 

The upper and lover halves of the test specimen are 
mounted as shown in Figure III. The contact surfaces vere 
lapped to the desired finish with emery polishing paper of 
varying degrees of roughness. The specimen was clamped in a 
vee-type block during the polishing process, to insure that the 
teat surfaces were ground perpendicular to the specimen axis. 
The specimens were carefully cleaned both before and after the 



•i U —a ^1 

^ 4. ^ .m 4g^iO imi^ t 

g/l 4^1^ 'iMkltfi^ »w«4t 

«;tiAi4 iHi <iO «Ai4iti#«r^ife^iA 

^fT M^i 

^ U 0 W 1 9*HtA 
Sim$ l«» 4a# •■4 #^«i #*4 4a* i™ifn‘ 

4p« ^Utwwfm 4##% a# ■ 4 a a# Mlsat <••• #i|PM • 
,49^ «aa«n#l 4#at^ •^t -•■u»a» ua#a # m m«» 
.%f M4«nw *4# mw MPaa a** lafa# 



«u W 4*4%4# Wf .ait #••• •• ipaapa #4« 14 44#^ 

*iPMM a 441 t— a 4 ti ^*^***?^ ■afrtt'tl 

• aiMa 4a | #aa> # i<l 4IH aaa lalit^ 

rat Ml* •■W at a #a4i ^ ^•••^ ^ 

rat IM4— t t#t* *W 4^ 4^ Miaaa 

!• MiB piMUIa fWV# 44iy #4A«n 4*U#a *4# ■# MvitK 
• a m«b«^ 4 •• wuat •4’t ••aatPM ft amit pa^>p 
^ jat raai a a44*4X#| fii taw# attf 

.^t rarai* «<4 a II i w ••» M44|w/ta 

^ ra m%a 4144 4ra a # tu^iaa rar «ral«Mt #4? 



4 



polishing process* (Reagent acetone was used as cleaning 
solTent* ) 

Two doubl«>ended indicator eras were used, one on either 
side of the interface* Each arm was constructed with two 12** 
lengths of Type 321 stainless-steel tubing having 1/8** outside 
diameter and 0*005" wall thickness. The indicator arms were 
fastened to the specimen by a collar^ as shown in Figure 111. 
The cone-pointed set screws were used to obtain a knife-edge 
line from which the tviet was trensmitted. The pin-point 
indentations produced on the specimen by the sat screws per- 
mitted length "L" to be accurately picked off the specimen 
with draftsen's dividers. 

The alignment jig shown in Figure 111 was used to insure 
that the face of the indioa tor-arm collar , hence the plane of 
the set screws y was perpendicular to the axis of the specimen* 

The lover half of the specimen rests on s machined and 
polished steel plate. For initial tests on the steel specimens 
a machined steel block was usedf as shown in Figure 1 (l). The 
remainder of the epecimens were mounted on the laachined steel 
block shown in Figure III* This block has a securing collar 
which permits clamping of the bottom end of the specimen* 

After a final cleaning of the two contact surfaces, the upper 
half of the specimen was placed on the lover portion, and the 
weight rod then run up through the annulus of the specimen. 

The weight release (corew Jack} permits the weight pan support 
rod to be run up and down as desired. 
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The threaded upper end of the rod was then screwed into 
a circular dice, eeparated from the top of the apeoiaen by a 
ball thruet bearing as illustrated in Figure III. This beard- 
ing was used to isolate the spocimen fronx any torsional vibra- 
tion or iBOvesent of the normal load weight pan. 

The sight edgea are pictured in Figure I (2) and 
Figure III. The two sight edges were polished with 4/0 paper 
so that a clean, sharp sighting surface was obtained. Align- 
ment of the two sight edges could be obtained by loosening 
either one or both of the clamp screws, and moving the edges 
into position as desirtd. The upper arm sight edge strip was 
out wider than that on the lower arm. The distance from this 
edge to the center of the indloator-arm collar was measured 
accurately (12.33"), giving length "R”. With the microscope 
focused sharply on this edge, the other sight edge strip was 
brought into focus by bending it slightly. 

The torque arm was aligned so that the silk threads 
transmitting the forces from the torque weight pans ere per- 
pesdloular to the lever in both horisontal and vertical planes. 
The pulleys were adjusted in both vertical end hoi'isontal 
planes by moving pulley clamps on the support rods , as shown 
in Figure II. When alignment of the torque system was obtained, 
the torque arm and pulley support clamps were locked in place 
with their set screws. 

The desired normal load was placed on the weight pan and 
then applied to the specimen by cranking down the weight release. 

The sero reading of the indicator arms was then recorded. 
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Hy adding aqual weights to tho two weight pans, a known torque 
was applied to the apeeiaen and the resulting twist was cMa- 
aured on the optical silcroneter. After each reading the 
torque was renoTed and the zero reading recorded. 

After loeaeuring th® diotanoe "L" between pin-point inden- 
tations in the specimen, these pits were narked so that they 
could be distinguished frost storks jsatde in tho oucceeding test. 
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scissor jock (weight release) 



FIGURE 3L. 

PLAN VIEW OF TEST APPARATUS 



a, 




Note: NOT TO SCALE 




i 



//Gight pan rod SGcunng nut 



/. 



2: 




machined steel block 





rtr 



«ui 



i 





I 

I 

I 




% 

' c 




Twist (minutes arc) 



'll 




Q Torque (gm. 






Max. tangental stress psi 



'12 





0 













Kl • 

. : I 

I ' 












Li!. 








I- 




M 



» 

I 



Twist (min. arc) 



13 



= Max. tangentaL stress psi 




Q Torque ( gm. in.) 









r 







i 





Twist (minutes arc) 



'11 



S^. Max. tangental stress psi 




Q Torque (gram inches) 




Twist (mm arc) 



'15 



St Max. tangental stress psi 







s 
















m 



Twist (min. arc) 



16 



S, « Max tangentoL stress psi 




Q Torque (gm. in) 




Max. tongental stress (psi) 






IB 




U) 

CL 



U) 

U) 

0^ 



LD 



C 

0 } 

O) 

c 

o 



X 

o 

z 



in 



i«T 













Twist (min. arc') 



13 




St Max. Tan gen ta I Stress (psi) 





'20 




St Max. Tangentol Stress (psi) 





I 



21 




in 

r>4 



0 

01 



LO 



m 

C5 



(Uio^otx) 30 D^J 94 UI )D dns ^uajDddv “0 



150 2U0 250 
Max. Tangental Stress C kg/cnrf) 









I 




• r 




4 



<r 





iK 



► 





LO O IT) 

C>l ^ r-. 

O O O 

^ UOUOIJ:} iO \UB\0\iiB00 






j, uoj^oijj ^uajOj^^eoD 




■24 




CN r- 

O O 



CO 

o 



Slip { xIO cm.) 







I 



'25 




i UOI^OjJJ ^0 )U0pj^^OO3 



26 




<Ni y2 

O o 

U0H0IJ4 }U3i0lJ}000 




' m 




IV. PIJ CUSfilQK OF msui’ss 



A. Initial Elantlo JehaYlor 

Flgnros IV and XII compare observed deflections of the 
oontrol specimens vlth computed deflections as predicted by 
elastic theory. All points plotted for the two ateel control 
specimens are vithin the elestie range « as the test runs were 
terminated at the first indication of peselblc permanent def~ 
ormation. 

The values of shear modulus selected for the C~I018 and 
A>4140 steels were, respectively, 12 x 10^ and 11.9 x 10*^ psi. 
Marks gives the range of shear modulus values for all 
steels, excepting IS^-S stainless, ss 11.0 to 11.9 x 10^ psi. 

The computed angle of twist varies inversely with the value of 
shear modulus. Therefore it can be seen that, with the values 
of shear modulus selscted, the computed deflections will be the 
minimum expected. Ac the observed values of twist agree vlth 
the minimum computed values, the possibility of exceosive elas-* 
tic twist in the control specimen is eliminated. 

The shear modulus values for copper (hard^drawn tough 
pitch) and 23 Aluminum were given In the Handbook as 6.0 and 
3»7 X 10^ psi, respectively. 

Figures V to VIII show the results of tests conducted vlth 
C»1018 steel specimens having various surface finishes and 
normal loads. Due to the close agreement between observed end 
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oozaputsd Taltaes of deflection for the oontrol speoiiaens, the 
observed angles of twist are compared with their correspond- 
ing theoretical value in this work. 

The consistent agreement between test results for epeel- 
mens with and without interfaces indicates that the interface 
has verjr little » if any, effect on the elastic twist. 

All test runs with non-ferrous spoolmsns wire performed 
with the lower end of the specimen locked against movement. 
These test runs extended past the point at which the indicator 
failed to return to the initial position. The **B** plot of 
Figure IIII fives the observed values of residual twist re- 
corded for the non-ferrous control specimen runs shown on 
Figure XII. Hard-drawn electrolytic tough pitch copper has 
a yield strength of 40,000 psi with 0 * 5 % extension under load. 
Three successive runs on the coppor control specimen show 
this effect clearly. The recorded values of deforiaation de- 
creased with each run. Plot "A" of this figure shows the 
residual twist recorded for similar runs conducted on speci- 
mens with a No.l surface finish. The effects contributed by 
the metal interface can easily be obtained by subtraction of 
the plotted values for any two corresponding tests. The point 
at which slip occurs on the copper speelmon is easily noted, as 
the residual twist value increased sharply at that point. 

Flguree X and XI compare observed and calculated values 
of deflection for various test runs on copper and A-4140 steel 
specimens. These tests further substantiate the results re- 
corded previously for C-IOIC! steel. Test runs using copper, 
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C>1018 steolf or A-4I4O steel under various conditions of 
norseal loading and vlth different degrees of surface finish 
failed to indicate any mterlal contribution by the interface 
to elastic twist. 

Figure XIV conpares the results of a siallar test run con- 
ducted on four different aetals. Comparing the results of the 
two steel speciaens, it is seen that deformation occurred 
first in the C-1018 steel* This is attributed to yield In 
the asperities In the aetsl interface. C-1018 steel | with a 
yield strength of 46,000 pel as compared with 131,000 pal for 
the A-4140, would be expected to yield first. It should be 
noted that the deformation observed here is of the order of 
0.000005 cm* The C-1018 curve crosses the A-4140 line at an 
apparent slip value of 0.00006 cm. This shows that sliding 
effeets are now predominant, as the A-4140 steel with its 
smaller coefficient of friction slides more easily than the 
C-1018 steel* 

Deformation In the two non-ferrous speoimens coaacnoed at 
fairly low values of tangential stress. It is interesting to 
note that the aluminum slid freely, and the coppor curve rose 
sharply, at the same value of 0 ^ at which the two steel curves 
crossed. Again it appears that, up to this point, deformation 
was primarily due to yield in the motsrl&l, while subsequent 
failure of the interfacial bonds permitted friction effects to 
predominate . 
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rigur«B XV to XIX indicate that the value of th© frio- 
tion coefficient Inoreasce with saall Increnente of slip until 
the noraalljr expected value is attained, at which point the 
curve flattens out and free sliding results. 

Th® curves plotted in Figures XVI, XVII, and XIX are all 
fairly snooth, giving no indication of a transition fron inter- 
facial deformation to true slip. The plote on Figures XV and 
XVlIl, in contrast, show proainent breaks and discontinuities 
in the region below 0.00005 cm of apparent slip. The apparent 
slip in these cases any be due to slip, deforaatlon of the 
metal, or ooabinstlons of both effects. An accurate evaluation 
of slip with this apparatus is therefore impossible due to the 
problem of separating th© true slip from the doforsations pre- 
duoed by yield effects in the asperities in the metal inter- 
faces . 

In evaluating these results, some information on the ac- 
curacy of the readings is in order. A dlaoussiou of the accu- 
racy of the apparatus follows in Appendix A, Details of Proce- 
dure • 

♦ l.SO X 10 centimeters 
» 1 0.00229 minutes of arc 
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V. CQMCLUSIOMS AMD RF.COMKc'NDATIONS 

A. CoBCluslons - Elastic Behavior 

1. The metal Interface does not contribute z&ateriolljr 
to elastic twist. 

2. Elastic deflections of a metal specimen with an 
interface agree with values computed by elastic 
theory for a continuous specimen. 

3. The deflections predicted by elastic theory are 
obtained regardless of metal, surface finish, or 
normal stress selected. (Normal loads applied 
were selected so that resulting normal stresses 
were safely below critical range which would 
cause buckling or compressive failure of the 
column. ) 

4. The predicted elastic deflections are obtained in 
non-ferrous metals even though extension of the 
metal under load resulted in small concurrent 
permanent deformations. 

B* Coaclualoos - Fric tional Behavior 

1. The value of the coefficient of friction was 
initially low for extremely siaall values of slip 
at the Interface. 

2. The value of the coefficient increased with small 
increments of slip up to the normally expected 
value at which point free sliding resulted. 
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3. An exact assessment of the Incronents of slip 

at the Interface was Ixapossible vlth this exper- 
imental technique, due to small amounts of def- 
ormation contributed by yield in the asperities 
in the metal interface. Notviths tending this 
factor, the trend indicated that the coefficient 
of friction starts from sero for sero values of 
slip and applied stress, and increases with small 
increments of slip until the normal value is 
reached. 

C . Recommendations 

Due to the consistency of the results, both quantita- 
tively and qualitatively, further investigation of aetnl 
interfaces for abnormal elastic twist is not recommended. 

This apparatus was not designed for investigation of 
frictional behavior in the slow speed range; therefore modi- 
fications of the equipment are deemed necessary prior to any 
further investigations of the stick slip phenomena with this 
basic experimental arrangement. 
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In the redesign of the test apparatus, various scheaes 
for iBeaeurlng angular twist of the epecixten were considered. 
Selection of an optical lever in lieu of the uetal Indicator 
eras of the original apparatus was rejected due to the length 
of light beam required. This would require oxoeesive floor 
space for the apparatus or would Involve the use of a complex 
prism system* Distribution of the equipment over a large floor 
space would present a problem in isolating the apparatus from 
vibrations imparted by the building structure. Another source 
of error would be encountered in the resolution of the light 
isaage on the measuring scale. 

The possibility of utilising Inferometry was investigated. 
Measurement of exceedingly small angles of twist could be ob- 
tained by this means, but the cost and complexity of the ap- 
paratus required for this work were greater than warranted. 

It was decided that a sufficient increase in the sensi- 
tivity of the system could be obtained by use of better mate- 
rials, measuring equipment, and refinements in the experimental 
method. 

The original apparatus utilised an apparatus having an 
indicator arm length of 7*5" and an optical vernier in which 
one scale unit represented 0.001 inch of indicator movement. 

Lstlmsting the movement of one indicator arm to 1 0.1 
scale unit, the resulting accuracy with two arms would be 
t 0*2 scale unit. 
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* TT** X X 60 ® observed twist In Minutes of arc. 



Therefore aocureey cf the original apparatus was 



» • ^*£ '^9^ X 3440 * ~ 0.092 Minutes of arc. 

By the use of a Kioroeeope equipped with a 10 x objective and 
as optical «lcroa«ter» the accuracy was inereased considerably. 
The us© of the light-weight but rigid tubular indicator arieo 
peraitted inersasing the value of R to 12.328". 

Calibration of the optical Mloroneter against a aicrov- 
• tar stage showed that one tticroiaeter drun unit represented 
0.00004101 inch of indicator sovoment. fstinatlng the aicron- 
cter readings to t 0.1 drum unit would result in an accuracy 
in observed deflections of 1 0.2 drun units. Thorefore, accu- 
racy of the present apparatus is 



* i ^ 0.002290 ninutos of arc 

The value of apparent slip Measured with this appar- 
atus is coapttted as follows: For the C-1018 steel speoiiBen 

with the outside dianeter of 0.2365** and Inside dlasseter of 
0.191*** the Bie&n radius of the opeclBon is 0.1069'*. 

Therefore 

fa ♦ g,».Q.P.QgaSg.(^ 

r„ 12.33 

21 

0JJ * t 7.10 X 10”® Inches 

t 1.80 X 10 ” centiaeters 
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S?ECIJ<EH NO.l (continued) 
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SPECIMEN NO. 5 (continued) 
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SPECIMEN NO. 5 (continued) 
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SPECIMEN NO. 7 (continued) 
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SPECIMEN NO. 8 (continued) 
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SPRCIHtK HO. 8 (continued) 






Fjj « 64.78 lb. 
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Mtq .M'JL 

Fjj » 31.86 lb. 

Fjj « 14.4 kg 

S„ = 2375 pel 
- 167 kg/cm^ 
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Material : A-4140 Steel 

Surface Finish: 4/0 paper 
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Fjj = 91.3 kg 
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SPFCIMLH NO. 15 (continued) 
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SPECIMi‘.N NO. 16 

Material: 2S Aluninum 
Surface Finish: No. 1 Paper 
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SPECIMEN NO. 16 (continued) 

Material 1 23 Aluninum 
Surface Finish: No. 1 Paper 



Run No . 2 

Fjj = 91.3 kg 

= 928 kg/cM^ 



«t 




1.24 




3.11 





6.23 




9.33 


0.114 


12.43 


0.138 


15.55 


0.183 


18.65 


0.138 


21.80 


0.206 


24.90 


0.252 


28.00 


0.283 


31.15 


0.367 


34.25 









f 


— 


- 


0.0012 


- - 


- 


0.0031 


- - 


- 


0.0061 


9.0c X 


10-^ 


0.0092 


10.87 


If 


0.0123 


14.42 


tl 


0.0153 


10.87 


It 


0.0184 


16.24 


H 


0.0214 


19.86 


« 


0.0245 


22.30 




0.0276 


28.90 


H 


0.0307 



0.378 

0.596 

1.030 

1.283 

1.640 

1.970 

2.220 

2.625 

2.980 

3.240 



^ , 0 « 



f f*R 
•« l.If ^ 
W\i# wf • 





1 






t* 


A-' 


m m ^ 






- - - 




tr 


m.« 


XOO.» 


- • . ■ * 


- ^ - 


xi.r 


•C 


afi^ 


XAOO«^ 


- - ^ 


* • ^ 


(S.<# 


OA 


^U.f 


sr>^«e 


1 • 0 .'^ 




cc.f 


•#r 




<iiiOi« 


- ri,cr 




Ci.«# 


X >€1 


(•46 




* U^M 


Ul.« 




OCX 


W*i 


>AiC.O 


• tl.Oil 


•ti.e 




99 X 




^ 9.0 


• UiAJ 




M.i# 


ttX* 


n>.€ 




• M. 9 I 




•T.iC 


•kltT 


^.t 


«T» 9 ^ 


• %l • t% 


W.O 


9 n. 4 t 


9 fi 


ast^t 


tCW ,9 




fa|.« 




90 X 










i«* 4 C 


tttf 



e 






'■?7 



umum i 



I 






I 



t*? 




• t ii^ipMC 




SAMFU: CALCULATIGK5 
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With 10 X objective calibration with zaicrometer stage 
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AP gPLEHE MT_f RY J3 laCUSSlQS 



In the dlscuualon of rasulto, it was suggested that 
yield effect* ia tho metal of the interfaces contributed to 
the saftll initial deformations* An examination of ono of the 
test runs for this effect is therefore in order. 

Keferring to Figure XIV, let us examine the stress sit- 
uation in the C-1018 steel specimen for on© of the initial 
deformations • 

The maxisum combined shearing stress in a cylinder loaded 
in this manner is giTsn at follows: ® V 

For Sjj and 3^ values, respectively, of 13200 and 1420 pel, the 
is equal to 6750 psi. 

Maximum sheer theory states that yielding will occur when 
^^s^max shoaring stress at yield point ob- 

tained from a tension test* The maximum shearing stress at 
yield point is one half yield stress for a tensile specimen . 

Hyerson Steel Specif icatione for C-1018 steel give a 
yield value of 4^^000 pai. 

Therefore maximum shear stress et yield point equals 
24000 pel. The calculated stress for the specimen is veil 
below this value; therefore yield will not occur in the bulk 
metal. 

The normal stress value used in computing the combined 
sheer stress w^e determined by using the cross-section area of 
the specimen, which at the interface is the apparent area of 
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contact* The real area of contact la lese than this value 



due to the aaperities in the natal of the Interface* 

Bowden and Tebor^^^ give the following relation for real 



area of contact: 




P » jaean pressure over area of contact 



« C X G. 



yield 



C has a value of 3 for material and surface finish 
used here. 



P 



» 144000 psl for this case. 

2 

= 0.0014 in , which is considerably less 

2 

than the apparent value of 0.0153 in * 



A 



real 



This would give a maxiaum combined shear stress in the contact 
surface considerably in excess of that required to initiate 
yield in the metal. 

It is thus apparent that the stresses at the contact 
surface are more than sufficient to insure yield In the asper- 
ities in the metal interface. For very small values of deform- 
ation, the yield effects may thus be the sole contributing 
factor. 

Fow consider the stress values for the speoiiaen under 
conditions encountered just prior to the advent of free sliding 
te S„ and S- of 13200 and 4960 psl. The value is 

8260 psl. Thus it is apparent that yield in the bulk staterlal 
of the specimen does not occur, and all but the ssksllest dis- 
placements are due to slip between the two contact surfaces. 
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SPECIKEH NO. 3 (continued) 
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SPECIMF.M NO. 5 



Material: C-1018 Steel 
Surface Finish: 4/o paper 
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SPECIMEN NO. 5 (continued) 



Run No. 5 



Run No . 6 



Run No . 7 
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SPECIMEN NO. 6 



Material : 


A -4140 Steel 
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(without interface) 
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Surface Finish: As aiachlned 
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SFKCIMEM no, 8 (continued) >, 
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SPECIMEN HO.e (continued) 
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SPECIMEK ao.ll 

Material: Copper 

Control Speolisen 
(vithout interface) 
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2 

J, *s G = modulus of rigidity (shearing modulus) (Ib/ia ) 

P|. ^ force nornel to interface (nora&l load on specimen) 

(pounds or kilograms) 

L s gage length or length along specimen between indicator 
arms (inches) 

« applied torque (gram Inches) 

R * radius of indicator arm (inches) 
r « mean radius of specimen (inches) 

2 

Sji * normal stress at interface (Ib/ln ) 

2 

e_ « normsl stress at interface (kg/ca ) 

Jl 

Sp *= principal stress in speeimen (Ib/ln ) 

2 

combined sheer stress in specimen (Ib/in ) 

S,^ s maximum tangential stress in interfsee due 
to applied torque (ib/in^) 

8^ » laaxlmum tangential stress in interface (kg/cm ) 

» torque epplled t© specimen (lb. inches) 

s calculated angle of tvlst for epeoimen 
without interface (minutes of arc) 

~ observed angle of twist in Bpeolmea (minutes of are) 

residual angle of twist in specimen (minutes of arc) 

^ e observed angle of twist in specimen (aloromoter drum units) 

» residual angle of twist in speeimen (aicromoter drum units) 

* apparent slip at interface (centimeters) 
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